Introduction {#sec1-1}
============

The hippocampus of the mammalian brain is involved in cognitive processes such as learning and memory (Chen et al., 2012; Velazquez et al., 2013). Especially, the hippocampus is well known as a very sensitive region to physiological and pathological stimuli and shows structural and functional changes after various stimuli (Yan et al., 2012). Previous studies have shown that the structure of the mammalian hippocampus continues to be modified throughout the life by continuous addition of neurons in the dentate gyrus (DG; Arabpoor et al., 2012; Pan et al., 2013; Zhang et al., 2013, 2014). Newly generated cells in the DG are mainly located in the subgranular zone of the DG, and they can migrate into the granule cell layer of the DG, in which they mature into new neurons and make functional synaptic connections for the hippocampal circuitry (Tanapat et al., 1999; Gage, 2000; Dayer et al., 2003). During the course of adult hippocampal neurogenesis, the postmitotic maturation and survival phase are closely associated with dendrite maturation (Plumpe et al., 2006; Ramirez-Rodriguez et al., 2011).

Scopolamine (SCO), a nonselective muscarinic receptor antagonist, is well known to interfere with the processes of learning acquisition and short-term memory in animals and humans (Jeong et al., 2008; Marisco et al., 2013). It has been well known that SCO impairs memory performance in both humans and animals (Grasby et al., 1995). It has been reported that SCO significantly increases acetylcholinesterase (AChE) and malondialdehyde (MDA) levels in the cortex and hippocampus (Shi et al., 2010; Tota et al., 2012a, b). Especially, SCO attenuates memory-task-induced increases of regional cerebral blood flow in the prefrontal cortex and the right anterior cingulate region (Grasby et al., 1995).

There are studies showing that subcutaneous administration of SCO *via* an Alzet osmotic pump for 4 weeks could significantly decrease the cell proliferation and neuroblast differentiation in the brain of rats (Yoo et al., 2011a, 2012). However, to the best of our knowledge, there have been no reports on neuroblast injury in the dentate gyrus after long-term administration of SCO. Therefore, in the present study, we examined chronological changes in the mutation and complexity of neuroblasts and their dendrite remodeling and maturation in the DG after long-term administration of SCO in mice.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

Adult male ICR mice, weighing 25--30 g, aged 8 weeks were purchased from Orient Bio Inc. (Seongnam, South Korea). These mice were housed at 23 ± 3°C and 55 ± 5% relative humidity in a 12-hour light/dark cycle and were allowed free access to food and water. The procedures for animal handling and care were in compliance with the current international laws and policies (Guide for the Care and Use of Laboratory Animals, the National Academies Press, 8^th^ Ed., 2011), and they were approved by the Institutional Animal Care and Use Committee (IACUC) at Kangwon National University, South Korea. All efforts were also made to minimize animal suffering and the number of the animals used.

Administration of SCO and 5-bromo-2′-deoxyuridine (BrdU) {#sec2-2}
--------------------------------------------------------

Mice in the SCO-treated groups were intraperitoneally injected with 1 mg/kg of SCO (Sigma S1875, Bangalore, product of India), once daily, for 1--4 weeks (*n* = 14 at each time point). The control mice (*n* = 14 at each time point) were injected with the same volume of saline (pH 7.4). Doses of SCO were selected based on previous studies (Wang et al., 2013; Heo et al., 2014a, b). The mice were then sacrificed after 1-, 2-, 3- and 4-week treatment. In addition, to label the mitotic cells in the DG, control and 4 weeks-SCO-treated mice were intraperitoneally injected with 50 mg/kg BrdU (Sigma, St. Louis, MO, USA) for twice at a 8 hour interval on days 6, 13, 20 and 27 during the experiment according to previous studies (Lee et al., 2012; Chen et al., 2013).

Tissue processing for histology {#sec2-3}
-------------------------------

For histological analysis, mice were anesthetized by intraperitoneal injection of sodium pentobarbital and perfused transcardially with 0.1 mol/L PBS (pH 7.4) followed by 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4). Their brains were removed and postfixed by 4% paraformaldehyde in 0.1 mol/L phosphate-buffer (pH 7.4) for 4 hours at 4°C. The brain tissues were cryoprotected by infiltration with 30% sucrose overnight. Thereafter, frozen tissues were serially sectioned on a cryostat (Leica, Wetzlar, Germany) into 30-μm thick coronal sections. To get satisfactory immunolabeling results and to avoid the side effect of paraformaldehyde fixation, free floating sections were selected for immunohistochemical staining and then transferred into 6-well plates containing PBS.

Immunohistochemistry for NeuN, BrdU, Ki-67 and DCX {#sec2-4}
--------------------------------------------------

To obtain the accurate data for immunohistochemistry, 15 sections per mouse were selected from the control- and SCO-treated group under the same conditions. For BrdU immunostaining, DNA denaturation was conducted and the sections were incubated in 2 mol/L HCl and in boric acid. The sections were sequentially treated with 0.3% hydrogen peroxide (H~2~O~2~) in PBS for 30 minutes and incubated in 10% normal goat serum in 0.05 mol/L PBS or Mouse-On-Mouse (M.O.M.) mouse Ig blocking reagent to get rid of the background staining due to the presence of endogenous mouse Ig (diluted at 1:10; Vector, Burlingame, CA, USA) for 30 minutes. They were diluted into mouse anti-NeuN (a neuronal marker; 1:1000; Chemicon, Temecula, CA, USA, MAB 377), mouse anti-BrdU (1:250; BioSource International, Camarillo, CA, USA), rabbit anti-Ki-67 (a marker for cell proliferation; 1:100; Abcam, Cambridge, UK) and goat anti-doublecortin (DCX; a marker for neuroblasts; 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibody overnight at 4°C and subsequently exposed to M.O.M. biotinylated anti-mouse IgG or biotinylated goat anti-rabbit and rabbit anti-goat IgG for 2 hours at room temperature and streptavidin peroxidase complex (diluted at 1:200; Vector, Burlingame) for 1 hour at room temperature. They were then visualized by reacting to 3,3′-diaminobenzidine tetrachloride (Sigma) in 0.1 mol/L Tris-HCl buffer (pH 7.2) and mounted on gelatin-coated slides. After dehydration, the sections were mounted in canada balsam (Kanto Chemical, Tokyo, Japan).

Fifteen sections per mouse were selected to quantitatively analyze DCX immunoreactivity and determine the number of NeuN-, BrdU-, Ki-67- and DCX-immunoreactive cells. DCX immunoreactivity and the number of NeuN-, BrdU-, Ki-67- and DCX-immunoreactive cells in all the groups were determined using a BX51 light microscope (Olympus, Tokyo, Japan) equipped with a digital camera (DP71, Olympus) connected to a PC monitor. The dendritic complexity of the DCX-immunoreactive neuroblasts was traced using a camera lucida at 100 × and 400 × magnification (Neurolucida; MicroBrightField, Williston, VT, USA). The DCX-immunoreactive cells were separated into three types according to dendritic complexity. The first type contained cells that lacked dendrites or had shorter dendrites than the soma size. The secondary type contained cells that had one primary dendrite with one branch. The third type contained cells that had much branches reaching the molecular layer. Cell counts for DCX (including three types), Ki-67-immunoreactive and BrdU-positive cells were presented as the mean number of the cells per section. For relative analysis as percent values in types of DCX-immunoreactive cells, a ratio of three types in the total number of DCX-immunoreactive cells was calibrated as %, with all groups designated as 100%. The cell counts for NeuN-positive cells were represented as the number in 1 mm^2^ in the granule cell layer of the DG.

In order to quantitatively analyze the DCX immunoreactivity, the images were digitized into an array of 512 × 512 pixels corresponding to a tissue area of 140 × 140 μm^2^ (40 × primary magnification). Each pixel resolution was 256 gray levels. The DCX-immunoreactive cell structures were evaluated on the basis of an optical density (OD), which was obtained after the transformation of the mean gray level using the formula: OD = log (256/mean gray level). The OD of background was taken from areas adjacent to the measured area. After subtracting the OD of background, a ratio of the OD of image file was calibrated as % (relative OD, ROD) using Adobe Photoshop version 8.0 and then analyzed using NIH Image 1.59 software. A ratio of the ROD was calibrated as %, with control group designated as 100 %.

Fluoro-Jade B histofluorescence {#sec2-5}
-------------------------------

To examine the neuronal death in the hippocampus after SCO treatment, the sections (*n* = 7 per mouse) were stained by Fluoro-Jade B (F-J B, a high affinity fluorescent marker for the localization of neuronal degeneration) histofluorescence under the same conditions. F-J B histofluorescence staining procedures were conducted according to the method as previously described (Candelario-Jalil et al., 2003; Yu et al., 2012). In brief, the sections were first immersed in a solution containing 1% sodium hydroxide in 80% alcohol, and then in 70% alcohol. They were then transferred to a solution of 0.06% potassium permanganate, followed by a 0.0004% F-J B (Histochem, Jefferson, AR, USA) staining solution. After washing, the sections were placed on a slide warmer (approximately 50°C) for examination using an epifluorescent microscope (Carl Zeiss, Germany) with blue (450--490 nm) excitation light and a barrier filter. With this method, neurons that undergo degeneration brightly fluoresce in comparison to the background (Schmued and Hopkins, 2000). As a positive control, we added a finding using histofluorescence procedure in the hippocampal DG damaged by transient cerebral ischemia.

Double immunofluorescence {#sec2-6}
-------------------------

To confirm the differentiation from newly generated cells into mature neurons, double immunofluorescence staining for BrdU and NeuN was performed. DNA denaturation was conducted with below mentioned protocol. For BrdU immunostaining to visualize BrdU-labeled nuclei: 2 hour incubation in 50% formamide/2 × SSC (0.3 mol/L NaCl, 0.03 mol/L sodium citrate) at 65°C, 30-minute incubation in 2 N HCl at 37°C, and 10-minute rinse in 0.1 mol/L boric acid (pH 8.5). After this, the sections were incubated in the mixture of rat anti-BrdU (1:100; BioSource International, Camarillo, CA, USA) and rabbit anti-NeuN (1: 500; Chemicon International Inc., Temecular, CA, USA) overnight at 4°C. They were then incubated in a mixture of both FITC-conjugated anti-rat IgG (1:200; Jackson ImmunoResearch, West Grove, PA, USA) and Cy3-conjugated anti-rabbit IgG (1:500; Jackson ImmunoResearch) for 2 hours at room temperature. The immunoreactions were observed under the confocal MS (LSM510 META NLO, Carl Zeiss). FITC was detected within a range of 500--550 nm following fluorophore excitation by 488 nm Ar-laser. For Cy3, detection was in 570--630 range following excitation by the 561 nm HeNe laser. Cell counts were performed following the above-mentioned method.

Western blot analysis {#sec2-7}
---------------------

To obtain the accurate data for change in DCX protein level in the hippocampus after SCO treatment, the control and SCO-treated mice (*n* = 7 at each time point) were used for western blot analysis. After sacrifice, the brain tissue was serially and transversely cut into a thickness of 400 μm on a vibratome (Leica), and the hippocampal region was then dissected with a surgical blade. The tissues were homogenized in 50 mmol/L PBS (pH 7.4) containing 0.1 mmol/L ethylene glycol-bis(2-aminoethyl Ether)-N,N,N′,N′-tetraacetic acid (EGTA) (pH 8.0), 0.2% Nonidet P-40, 10 mmol/L ethylendiamine tetraacetic acid (EDTA) (pH 8.0), 15 mmol/L sodium pyrophosphate, 100 mmol/L β-glycerophosphate, 50 mmol/L NaF, 150 mmol/L NaCl, 2 mmol/L sodium orthovanadate, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF) and 1 mmol/L dithiothreitol (DTT). After centrifugation, the protein level in the supernatants was determined using a micro BCA protein assay kit with bovine serum albumin as a standard (Pierce Chemical, Rockford, IL, USA). Aliquots containing 50 μg of total protein were boiled in loading buffer containing 150 mmol/L Tris (pH 6.8), 3 mmol/L DTT, 6% SDS, 0.3% bromophenol blue and 30% glycerol. The aliquots were then loaded onto a 5% polyacrylamide gel. After electrophoresis, the gels were transferred to nitrocellulose membranes (Pall Crop, East Hills, NY, USA). To reduce background staining, the membranes were incubated with 5% non-fat dry milk in PBS containing 0.1% Tween 20 for 45 minutes, followed by incubation with goat antibody antiserum (1:200), peroxidase-conjugated rabbit anti-goat IgG (Sigma) and an ECL kit (Pierce Chemical). The result of western blot analysis was scanned, and densitometric analysis for the quantification of the bands was done using Scion Image software (Scion Corp., Frederick, MD, USA), which was used to count relative optical density (ROD): A ratio of the ROD was calibrated as %, with sham group designated as 100 %.

Data analysis {#sec2-8}
-------------

Data are expressed as the mean ± SEM. Data from NeuN, Ki-67 and DCX immunohistochemistry and DCX western blot analysis were analyzed by one-way analysis of variance followed by a Tukey\'s multiple range method in order to elucidate differences among experimental groups. Data from BrdU immunohistochemistry and BrdU/NeuN double immunofluorescence staining were analyzed by independent samples *t*-tests in order to elucidate differences between the control and 4 weeks-SCO-treated groups. Statistical significance was considered at *P* \< 0.05.

Results {#sec1-3}
=======

Neuronal damage {#sec2-9}
---------------

Neuronal damage in the hippocampal DG after SCO treatment was examined by NeuN immunohistochemistry and F-J B histofluorescence staining. NeuN-positive cells were easily observed in the hippocampal DG of the control group (**Figure [1A](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}**), and, in all of SCO-treated groups, the distribution of NeuN-positive cells was not different from that in the control group (**Figure [1B](#F1){ref-type="fig"}--[F](#F1){ref-type="fig"}**). Neuronal degeneration in the hippocampal DG after SCO treatment was examined by F-J B histofluorescence staining (**Figure [2B](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}**). F-J B-positive cells were not observed in the hippocampal DG of all the experimental groups.

![NeuN immunohistochemistry in the dentate gyrus of the control and SCO-treated (1--4 weeks) groups.\
In the control group (A), NeuN-positive cells (arrows) are well detected in the hippocampal dentate gyrus. NeuN-positive cells in all the SCO-treated (1--4 weeks) groups (B--E) are similar to those in the control group. Scale bar: 200 μm. (F) The percent of the number of NeuN-positive cells/mm^2^ in the GCL of the hippocampal dentete gyrus. Data were analyzed using one-way analysis of variance followed by a Tukey\'s multiple range method (*n* = 7 per group). The bars indicate the mean ± SEM. SCO: Scopolamine; GCL: granule cell layer; ML: molecular layer; PL: polymorphic layer; I: control; II: SCO 1 week; III: SCO 2 weeks; IV: SCO 3 weeks; V: SCO 4 weeks.](NRR-9-1731-g001){#F1}

![Fluoro-Jade B histofluorescence staining in the dentate gyrus of the control and SCO-treated (1--4 weeks) groups.\
Fluoro-Jade B positive cells (green) are hardly detected in the control (A) and SCO-treated (1--4 weeks) groups (B--E). (F) Positive control shows Fluoro-Jade B positive cells in the dentate gyrus. SCO: Scopolamine; ML: molecular layer; GCL: granule cell layer; PL: polymorphic layer. Scale bar: 200 μm.](NRR-9-1731-g002){#F2}

Changes in cell proliferation and neuroblast differentiation {#sec2-10}
------------------------------------------------------------

### Cell proliferation {#sec3-1}

Ki-67-immunoreactive cells were mainly detected in the subgranular zone of the hippocampal DG (**[Figure 3](#F3){ref-type="fig"}**). In the control group, many Ki-67-immunoreactive cells in the DG were observed (**[Figure 3A](#F3){ref-type="fig"}**). After 1 and 2 weeks of SCO treatment, the number of Ki-67-immunoreactive cells was slightly decreased compared with that in the control group (**Figure [3B](#F3){ref-type="fig"}, [C](#F3){ref-type="fig"}**). The mean number of Ki-67-immunoreactive cells after 3 weeks of SCO treatment was significantly decreased (about 40% of the control group) (*P* \< 0.05; **Figure [3D](#F3){ref-type="fig"}, [F](#F3){ref-type="fig"}**). After 4 weeks of SCO treatment, the mean percent of the mean number of Ki-67-immunoreactive cells was about 17% of the control group (*P* \< 0.05; **Figure [3E](#F3){ref-type="fig"}, [F](#F3){ref-type="fig"}**).

![Ki-67 immunohistochemistry in the dentate gyrus of the control and SCO-treated (1--4 weeks) groups.\
Ki-67-immunoreactive cells (arrows) in the 4 weeks-SCO-treated group (E) are much less than those in the control group (A). (B--D) 1--3 weeks-SCO-treated groups. Scale bar: 50 μm. (F) Mean number of Ki-67-immunoreactive cells per section in the dentate gyrus. Data were analyzed using one-way analysis of variance followed by a Tukey\'s multiple range method (*n* = 7 per group; \**P* \< 0.05, *vs*. the control group; \#*P* \< 0.05, *vs*. the former time point group). The bars indicate the mean ± SEM. SCO: Scopolamine; ML: molecular layer; GCL: granule cell layer; SGZ: subgranular zone; PL: polymorphic layer; I: control; II: SCO 1 week; III: SCO 2 weeks; IV: SCO 3 weeks; V: SCO 4 weeks.](NRR-9-1731-g003){#F3}

### Neuroblast differentiation {#sec3-2}

DCX-immunoreactive cells were mainly detected in the subgranular zone of the DG in all the SCO-treated groups (**[Figure 4](#F4){ref-type="fig"}**). In the control group, many DCX-immunoreactive cells were observed in the subgranular zone (**[Figure 4A](#F4){ref-type="fig"}**). At 1 and 2 weeks after SCO treatment, DCX immunoreactivity was significantly decreased compared to that in the control group (*P* \< 0.05; **Figure [4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}**), and, after 3 and 4 weeks of SCO treatment, DCX immunoreactivity was significantly decreased by about 50% and 80%, respectively, compared with that in the control group (*P* \< 0.05; **Figure [4D](#F4){ref-type="fig"}, [E](#F4){ref-type="fig"}** and **[F](#F4){ref-type="fig"}**). Especially, many dendrites of DCX-immunoreactive cells were lost in the DG after 4 weeks of SCO treatment (**[Figure 4E](#F4){ref-type="fig"}**). Also, changes in the mean number of DCX-immunoreactive cells were similar to the results of DCX immunoreactivity (**[Table 1](#T1){ref-type="table"}**).

![DCX immunohistochemistry in the the subgranular zone of the dentate gyrus of the control and SCO-treated (1--4 weeks) groups.\
DCX-immunoreactive cells (arrows) in the 4 weeks-SCO-treated group (E) are much less than those in the control group (A). (B--D) 1--3 weeks-SCO-treated groups. Scale bar: 50 μm. (F) Relative optical density of DCX immunoreactivity in the dentate gyrus. Data were analyzed using one-way anal-ysis of variance followed by a Tukey\'s multiple range method (*n* = 7 per group; \**P* \< 0.05, *vs*. the control group; \#*P* \< 0.05, *vs*. the former time point group). The bars indicate the mean ± SEM. DCX: Doublecortin; SCO: scopolamine; ML: molecular layer; GCL: granule cell layer; SGZ: subgranular zone; PL: polymorphic layer ROD: relative optical density; I: control; II: SCO 1 week; III: SCO 2 weeks; IV: SCO 3 weeks; V: SCO 4 weeks.](NRR-9-1731-g004){#F4}

###### 

Changes in the mean number of DCX-immunoreactive cells per section in the hippocampal DG of the control and SCO-treated (1--4 weeks) groups

![](NRR-9-1731-g005)

In addition, we classified DCX-immunoreactive dendrites into three types according to the previously described method (Chen et al., 2013). In the control group, most of DCX-immunoreactive cells had dendrites of type "c": The dendrites were thickened and became very long, which projected into the molecular layer of the DG (**[Figure 1A](#F1){ref-type="fig"}**). However, in the 2 weeks-SCO-treated group, many DCX-immunoreactive cells had dendrites of type "a" and "b", and most of DCX-immunoreactive cells had dendrites of type "a" in the 4 weeks-SCO-treated group (**Figure [5B](#F5){ref-type="fig"}, [C](#F5){ref-type="fig"}**).

![High magnification of DCX immunohistochemistry in the dentate gyrus of the control and SCO-treated (2 and 4 weeks) groups.\
DCX-immunoreactive processes (arrows) in the dentate gyrus of the 4 weeks-SCO treated group (C) are poorly developed compared with those in the control group (A). (B, C) 2 and 4 weeks-SCO-treated groups. Scale bar: 10 μm. (D) The analysis of dendrite category to examine changes in dendritic complexity of DCX-immunoreactive cells ("a" shows cells without dendrites or shorter dendrites than the soma size; "b" shows cells with one primary dendrite with one branch; "c" shows cells with much more branches reaching the molecular layer). (E) The percent values in types (a, b, c) of DCX-immunoreactive cells per section in the dentate gyrus. Data were analyzed using one-way analysis of variance followed by a Tukey\'s multiple range method (*n* = 7 per group; \**P* \< 0.05, vs. the control group; \#*P* \< 0.05, *vs*. the former time point group). The bars indicate the mean ± SEM. DCX: Doublecortin; SCO: scopolamine; ML: molecular layer; GCL: granule cell layer; SGZ: subgranular zone; PL: polymorphic layer.](NRR-9-1731-g006){#F5}

### DCX protein level {#sec3-3}

Western blot analysis showed that the level of DCX protein was changed in the DG after SCO treatment (**[Figure 6](#F6){ref-type="fig"}**). The protein level of DCX was significantly decreased after SCO treatment compared to that in the control group (*P* \< 0.05), and after 4 weeks of SCO treatment, the mean percent of DCX protein level was about 19% of the control group (**[Figure 6](#F6){ref-type="fig"}**).

![Western blot analysis of DCX in the dentate gyrus of the control and SCO-treated (1--4 weeks) groups.\
Data were analyzed using one-way analysis of variance followed by a Tukey\'s multiple range method (*n* = 7, \**P* \< 0.05, *vs*. the control group, \#*P* \< 0.05, *vs*. the former groups). The bars indicate the mean ± SEM. ROD: Relative optical density; DCX: doublecortin; SCO: scopolamine; wk: week(s); I: control; II: SCO 1 week; III: SCO 2 weeks; IV: SCO 3 weeks; V: SCO 4 weeks.](NRR-9-1731-g007){#F6}

### Integration of newly generated cells into granule cells {#sec3-4}

The distribution of the BrdU-positive cells was observed in the control and 4 weeks-SCO-treated groups (**[Figure 7](#F7){ref-type="fig"}**). In the control group, many BrdU-positive cells were found in the subgranular zone of the DG, and some BrdU-positive cells migrated into the granule cell layer (**Figure [7A](#F7){ref-type="fig"}, [a](#F7){ref-type="fig"}**). After 4 weeks of SCO treatment, BrdU-positive cells were significantly decreased (about 22% of the control group) (*P* \< 0.05), and no BrdU-positive cells were found in the granule cell layer (**Figure [7B](#F7){ref-type="fig"}, [b](#F7){ref-type="fig"}**).

![BrdU immunohistochemistry in the dentate gyrus of the control and 4 weeks-SCO-treated groups.\
The number of BrdU-positive cells (arrows) in the SGZ (indicated by dashed wavy lines) of the 4 weeks-SCO-treated group (B, b) is significantly decreased compared with that in the control group (A, a). Scale bars: 200 μm for A, B, and 50 μm for a and b. (C) The mean number of BrdU-positive cells per section in the dentate gyrus. Data were analyzed using an independent samples *t*-test (*n* = 7 per group; \**P* \< 0.05, *vs*. the control group). The bars indicate the mean ± SEM. BrdU: 5-Bromo-2′-deoxyuridine; SCO: scopolamine; ML: molecular layer; GCL: granule cell layer; SGZ: subgranular zone; PL: polymorphic layer.](NRR-9-1731-g008){#F7}

On the other hand, we carried out double staining for BrdU/NeuN to find new mature cells in the DG after SCO treatment, and we found that new mature cells, which showed the co-expression of BrdU/NeuN, were significantly decreased in numbers in the DG of mice in the 4 weeks-SCO-treated group than in the control group (*P* \< 0.05; **[Figure 8](#F8){ref-type="fig"}**).

![Confocal image of double-labeled cells with BrdU, NeuN, and merged images in the dentate gyrus of rats.\
Confocal image of double-labeled cells with BrdU (green; A, D) and NeuN (red; B, E) and merged image (C, F) in the control and 4 weeks-SCO-treated groups. Few BrdU/NeuN-immunoreactive cells (arrows) were found in the 4 weeks-SCO-treated group. Scale bar: 200 μm. (G) The mean number of BrdU/NeuN-immunoreactive cells per section in the dentate gyrus. Data were analyzed using an independent samples *t*-test (*n* = 7 per group; \**P* \< 0.05, *vs*. the control group). The bars indicate the mean ± SEM. BrdU: 5-Bromo-2′-deoxyuridine; NeuN: neuronal nuclear antigen; SCO: scopolamine.](NRR-9-1731-g009){#F8}

Discussion {#sec1-4}
==========

It has been reported that SCO could suppress the survival of newly generated cells in the mammalian brain and no mature neurons are damaged by SCO treatment (Kotani et al., 2006; Yoo et al., 2011b). Recently, Chen et al. (2014) showed that SCO directly resulted in a damage of the hippocampal circuits that might predominantly be responsible for cognitive and memory deficits. It exhibited neurotoxicity on the population and dendritic development of newborn neurons and immature granular cells in the DG. Therefore, in the present study, we further examined the chronological effects of long term systemic SCO treatment on adult neurogenesis that concerns to dendrite maturation and complexity of neuronal progenitor cells. In addition, we, in the present study, first examined whether the neuronal damage/death occurred by NeuN immunohistochemistry and F-J B histofluorescence staining, and we did not observe any neuronal damage/death in the hippocampal DG following 4 weeks of SCO treatment. In the present study, we used intraperitoneal injection instead of subcutaneous injection by an ALzet osmotic minipump, which was used in the above studies. In animals, intraperitoneal injection is predominantly used in veterinary medicine and animal testing for the systemic administration of drugs because it is an ease of administration compared with other parenteral methods (Park et al., 2012).

In the present study, we observed that the chronic systemic treatment with SCO induced change in cell proliferation in the mouse hippocampal DG. Ki-67, as a marker for endogenous proliferation, was used in this study to examine change in cell proliferation after SCO treatment. The numbers of Ki-67-positive cells was significantly decreased in the DG at 4 weeks after SCO treatment compared with the other groups.

In addition, we observed the morphological changes and proliferation of neuronal progenitor cells (neuroblasts) in the hippocampal DG after SCO treatment using DCX immunohistochemistry. Our finding showed that the arborization of DCX-immunoreactive processes in the DG was much worse and less in number than that in the control group at 4 weeks after SCO treatment. It has well been known that dendrite maturation in neuroblasts is associated with survival of newborn neurons (Plumpe et al., 2006). A previous report showed that change in dendrite complexity corresponded to synaptic connections of granular cells in the molecular layer of the DG (Ramirez-Rodriguez et al., 2011). We also found that the numbers of DCX-immunoreactive cells were significantly decreased in the DG at 4 weeks after SCO treatment compared with the control group. Therefore, our result indicates that chronic systemic treatment with SCO could impair the dendrite maturation and complexity of neuronal progenitor cells as well as the proliferation of neuronal progenitor cells and affect the synaptic function of them in the hippocampal DG.

On the other hand, it was reported that neural stem cells could generate both neurons and glial cells in some *in vitro* and *in vivo* experiments: the neural stem cells migrated into the granule cell layer and extended axonal fibers to the pyramidal cell layer of the hippocampal CA3 area within 4 to 10 days after mitosis (Palmer et al., 1999; Cameron and McKay, 2001), and, they become mature neurons expressing NeuN at about 4 weeks later (Ming and Song, 2005; Fujioka and Akema, 2010). In addition, Fujioka and Akema (2010) proved that the co-expression of BrdU-positive cells and NeuN-positive cells was found in the subgranular zone and granule cell layer of the rat DG 28 days after BrdU labeling. In the present study, we examined whether the chronic systemic treatment with SCO disrupted cell maturation in the mouse hippocampal DG using BrdU, as a marker for exogenous proliferation. The number of BrdU-positive cells was also significantly decreased in the DG at 4 weeks after SCO treatment compared with that in the other groups. In addition, we found that long-term treatment with SCO significantly reduced BrdU/NeuN co-expression in the mouse DG. This finding indicates that the ability of neuronal progenitor cell migration and differentiation is destroyed by SCO, and we suggest that the long-term treatment of SCO disrupts neuroblasts to become mature neurons in the granule cell layer of the DG.

In conclusion, our results showed that chronic systemic treatment with SCO significantly disrupted cell proliferation, differentiation and maturation, especially, impaired the dendrite maturation and complexity of neuronal progenitor cells in the mouse hippocampal DG. Based on these findings, we suggest that an impairment of neurogenesis in the hippocampal DG could occur by SCO treatment and that SCO interferes with adult neurogenesis and is beneficial for studies to investigate the injury/recovery of neuronal progenitor cells' function in the brain.
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